The mechanical compatibility of natural building stones used in the restoration of ancient monuments as substitutes of the authentic material is studied in this short two-paper series. Attention is focused on the porous oolitic limestone of Kenchreae used in the erection of the monuments at the Epidaurean Asklepieion. In Part I experimental results are presented concerning the mechanical properties and constants of both the authentic (ancient and freshly quarried) material and the various stones proposed so far as possible substitutes. It is concluded that only the Kenchreae stone satisfactorily simulates the behaviour of the material used by ancient Greeks. The other types of stones have a substantially different character and their incorporation in the restoration should be treated with caution. In an effort to quantify the infl uence of the substitute stone on the authentic one, a series of experiments were carried out using composite specimens made from equal parts of authentic and substitute material with various inclination angles of the adhesion plane with respect to the load. It was concluded that the mechanical properties of the composite specimen are strongly affected by this angle and the dependence is not monotonous. In addition, strong strain discontinuities are recorded in the vicinity of the adhesion plane, which are responsible for the initiation of cracking in either of the two materials. It was pointed out that in some cases the incompatibility causes violation of the basic restoration principle concerning the protection of the ancient material. In this context certain geometrical confi gurations of the boundaries of the specimens are examined in Part II as a possible means of modifying the mechanical behaviour of the substitute stones, in order to make them as compatible as possible with the authentic material.
Introduction
An experimental study of the mechanical behaviour of a series of natural building stones is reported. The work is directly related to the restoration of ancient monuments and especially those made from natural building stones with dry joints. It aims to help the scientists working on the restoration of such monuments to select suitable materials that could be used as substitutes for the authentic ones. The paper is mainly orientated to the mechanical point of view of the subject, although it is evident that the restoration and conservation of such monuments involves a wider variety of problems. In any case the crucial point is to clearly understand the design and function principles of these monuments.
The design of an ancient Greek temple, characteristic example of the class of stone monuments with dry joints, approximates a rock structure with big voids and individual structural members made of discontinuous rock mass without any type of connecting material. The major deformation takes place along the joints. The " megalithic " nature of these great monuments of classical Greek architecture imposes on them a structural function based on different principles in comparison to modern structures. Indeed, these monuments rely on the behaviour of their dry joints, which is controlled by the friction developing along the contact surfaces as well as on the strength of the connecting elements -dowels and the " polos-empolion " arrangements shown in Figure 1 . It appears that the principal key to understanding the behaviour of such " megalithic " structures is exactly the behaviour of these dry joints, which in fact simulate the characteristics of a spring element with a parallel dash-pot and thus act as energy absorbers for both sliding and rocking movements imposed on the structure. The existence of dry joints allows for a discretisation of the overall behaviour in terms of deformation.
The stability of such structures is judged by deformationcontrol principles rather than by strength-control ones. It should be kept in mind that stress is always the outcome of deformation, and in that sense it is of secondary importance. Stress and strain depend on the material properties, the kind of structure we are dealing with and the way this material is incorporated in the structure. A small response of even one particular joint leads in effect to a slight modifi cation of the initial structure. In fact, a structure with specifi ed dry joints resists any loading situation, seismic or otherwise, by distributing the imposed deformation to all its joints. This way, excessive straining of the structure and the building material at a particular point is avoided. Such structures, functioning by controlling the deformation and not by providing an unlimited supply of strength able to withstand any load at any point, possess an in-built ductility. They are, when intact, practically indestructible. A characteristic example of such a structure is shown in Figure 2 .
It is expected, therefore, that the main building material -the various stones that replaced the timber and mud bricks used in earlier structures -would have similar qualities and properties. This is easily confi rmed by looking at a number of ancient sites throughout Peloponnese, e.g., Olympia (Zeus and Hera Temples, about 600 bc), Corinth (Temple of Apollo, 540 bc), Epidauros (Temple of Asklepios, Tholos, etc., 550 bc), Nemea (Zeus Temple, 330 bc), Sikyon and Alifeira. They are all built from porous stones, mainly sedimentary calcareous rocks, of relatively low strength. It is worth mentioning two characteristic groups of such stones: The conchyliates limestone (a typical shell-stone (Figure 3 ) , a variety of which was used in Olympia [1] ) and the more compact, oolitic limestone (Figure 4 ), quarried (and used) in the area extending from Sikyon through Corinth to Kenchreae [2] . Similar materials were used for the erection of ancient monuments in southern Italy and Sicily (Temple of Concord, 430 bc and Temple of Herakles 500 bc, Akragas, Sicily, Temple of Hera, 530 bc, Paestum, Italy, Tavole Paladine, 500 bc, Metaponton, Italy).
The main reason for the use of these materials (beyond the fact that could be found in abundance in the immediate vicinity of the places where the temples were erected) was that they were easy to carve and obtain the desired shape. They were used plastered with fi ne stucco protecting them from environmental weathering and facilitating the application of colour.
The main subject of the present study is the stone of Kenchreae, extensively used in the erection of monuments of Figure 2 The reconstructed temple E, at Selinus (Sicily, Italy). The use of cement for the replacement of missing parts and reparation of damaged surfaces can be clearly seen. the Asklepieion at Epidauros. Its aim is to facilitate the search for stones suitable to be used as a substitute of the authentic one, both for the completion of damaged ancient structural members as well as for the complete reconstruction of missing ones. The investigation exclusively used the unconfi ned compression test. It should be pointed out that a column drum incorporated in a monument of this type represents in effect a specimen subjected to unconfi ned compression. However, the compression tests taking place in the laboratory usually do not take into account the actual conditions under which the same element is compressed in the real structure. In fact the compression test cannot be considered as an element test since its results are strongly affected by the boundary conditions and the friction between specimen bases and end platens, the dimensions of the specimens as well as their exact shape. Hence, the results of these tests may be of limited importance and utility [3, 4] . As it is important to study the mechanical behaviour of the building stones in the light of the design requirements of the building, all experiments should be designed considering, also, the specifi c function of the element in the structure and the results should be interpreted accordingly. For this reason a series of specially designed compression tests were carried out, using specimens with modifi ed contact surfaces as well as specimens with modifi ed lateral boundaries in an effort to simulate the function of the structural elements in the real structure. The results of these tests will be presented in the next paragraphs and in Part II.
The restoration problem

Restoration principles
The problem of restoring and conserving an ancient monument is an extremely complicated multidisciplinary scientifi c task and a series of problems are to be considered and solved before a fi nal decision is made. These problems vary from elementary ones, as for example the strength and deformability of the materials used, to rather complex ones, such as the preservation of the structural system, the determination of the minimum possible intervention, the reversibility of the interventions and of course the durability of them. Archaeologists, architects and civil engineers collaborate in order to meet the fi nal target, the extension of the monument ' s life. The 
Figure 5
The temple of Apollo (Delphi, Greece). The surfaces of the limestone columns have been left as preserved. The extensive damage of the one side of the columns is to be noted contrary to the other side, which is relatively well preserved.
decisions made are usually a compromise between various, and often contradictory, points of view. The structural stability of the monument is clearly the most important among the problems confronted by the experts working for the restoration; however it has been outweighed in public perception by the aesthetics of the surface of the stone [5] . The latter is particularly acute in the case of temples made from various types of limestone, since this material, by its nature, has softer and harder areas that weather differently ( Figure 5 ). The problem is exacerbated in case large fragments of structural elements, or whole elements of the structure, are missing and have to be replaced.
The ideal solution is to have access to the source of the authentic material. Unfortunately, this is the exception rather than the rule, since in most cases there are not any known functioning quarries of the desired material or the areas of the ancient quarries have been built over. In such a case a new stone has to be chosen as a substitution material. Thus the question of compatibility is brought to the fore. If a new material is introduced into the monument this should be easily distinguished from the authentic one, either by its nature or the as well as characteristics related to colour, texture and workability. The second one involves the physical properties, such as apparent and absolute density, porosity, water absorption, permeability and swelling. The third group involves the mechanical characteristics as obtained from commercial tests as it is, for example, the compressive strength, the bending strength, Young ' s modulus, Poisson ' s ratio, as well as the tensile strength (direct and indirect), the characteristics of anisotropy and the behaviour under triaxial testing. Finally, the fourth group includes the characteristics related to mechanical and physicochemical weathering, as it is, for example, the response to the Los Angeles and to the Soundness tests, temperature and humidity fl uctuations and response to freezethaw cycles. The most commonly used compatibility criteria are summarised in Table 1 .
It is emphasised, that all these criteria describe the materials ' properties in isolation. However, a proper evaluation of these properties in terms of compatibility should include a clear understanding of their mutual interrelationship (e.g., how are mineralogy and microstructure of the stone correlated to the exhibited mechanical behaviour ? ); also, their proposed use and function in the monuments position, size, structural requirements, weathering resistance, etc. (e.g., for fl oor slabs resistance to mechanical wear is of primary importance, whereas in a lintel ' s case the fl exural rigidity becomes the critical decision factor).
In terms of mechanical compatibility it is evident that direct comparison of the failure stress or a single ductility way it is incorporated in it. Various solutions have been proposed, as it is, for example, the recessing of the surface of the substitute material to a deeper level (e.g., Temple of Athena, 540 bc, Assos, Turkey) or by leaving the fi nal carving and chiseling stages of the stone working process partly incomplete (e.g., the Parthenon Temple, 5 th century bc, Acropolis of Athens, where some of the new marble drums have been temporarily left without fl uting). As there is not a clear set of criteria for making such decisions, these still remain mainly aesthetical. It would be nice, however, if the decision-making process were corroborated by data concerning their effect from a purely mechanical point of view.
In any case it is important to distinguish between the different kinds of compatibility, to develop appropriate criteria for each kind and apply them accordingly to the question of compatibility, which arises as the central problem in restoration projects.
Compatibility criteria
Under ideal conditions the substitute and the authentic stones should react in a similar (if not identical) manner to environmental infl uences, mechanical loading and natural wear and weathering. This approach leads to four groups of criteria, mutually interconnected, for evaluating compatibility between natural building stones.
The fi rst group involves geological description, mineralogical analysis, qualitative and quantitative chemical analysis index is not adequate for judging the compatibility and may be misleading. As it will be pointed out in the next paragraphs (and in Part II of the paper) the whole stress-strain curve is to be examined. Especially the post-peak regime of the curve, which governs the energy absorbed after the material has failed, appears to be of extreme importance, since it yields an index of the relative brittleness of the materials, which is also an indirect " measure " of the internal structure of the stone.
The materials
The authentic material
The sanctuary of Asklepios at Epidauros was the most celebrated healing centre of the ancient world. The authority and radiance of Asklepios, as the most important healer god of antiquity, brought to the sanctuary great fi nancial prosperity, which in the 4 th and 3 rd centuries bc enabled the implementation of an ambitious building programme aimed at housing the worship in monumental buildings. The extensive remains ( Figure 6 ) of the site have been brought to light in excavations conducted on behalf of the Archaeological Society at Athens since the late 19 th century to the present day. Given its importance in antiquity and the relevance of its healing ideals to the modern world the sanctuary has earned a place in the World Heritage List in 1988. The historical, scientifi c and artistic value of its monuments, in conjunction with the poor condition and very friable nature of their material, merit their high priority on the list of those ancient remains in need of systematic conservation and restoration ( Figure 7 ) . The responsibility for the site preservation lies since 1984 with the " Committee for the Preservation of the Epidauros Monuments " .
One of the main building materials used by ancient Greeks in the erection of the above monuments is the stone of Kenchreae. It is a porous oosparite of " sandstone-like " appearance due to its high porosity (about 35 % -40 % ). It is of rather homogeneous nature and of layered structure, with complex nets of internal pores and surface vents, sometimes running through the whole width of the specimens, as it can be seen in Figure 8 . Frequent calcite veins or small calcite accumulations appear within it. The texture ranges from massive to very thin-bedded and the colour varies from a whitish-grey to greyish-beige (rarely light yellow). This kind of structure imposes to the material an anisotropic character of the transverse type; it has two axes of anisotropy, one perpendicular to the material layers and one parallel to them, with different mechanical properties along each one of them. The nature of the material renders the scattering of experimental results unavoidable and the mechanical properties exhibit strong variation depending on the exact point of sampling and on the age of the material.
The complete axial stress-axial strain diagrams of some characteristic tests are plotted in Figure 9 . The specimens were cylindrical with height and diameter equal to about 70 mm and were made from authentic ancient material taken experimental work [8] , with cylindrical specimens of diameter 70 mm and height-over-diameter ratio equal to either 1 or 2, indicated that it simulates qualitatively in a very satisfactory manner the physical and mechanical properties of the ancient material and could thus be the safest recommendation for use in the restoration works. In Figure 10 the complete axial stress-axial strain diagram has been plotted for some characteristic tests. It is to be noted, however, that the texture of the fresh Kenchreae porous stone strongly depends on the depth of sampling from the various drill cores. This dependence covers almost all aspects of the stress-strain curve with the exception of Young ' s modulus, which for the initial portion of the linear part of the graphs (stress levels lower than 1 MPa) is practically identical for all specimens and equal to about 2 GPa.
At this point it could be argued that the experimental results of detailed testing using small size specimens are doubtful due to the macropores, layering and inhomogeneities of the material. Local weak zones and inhomogeneities of a scale comparable to the size of the specimen may lead to premature failure. However, the tests so far have shown that this infl uence is restricted to mechanical parameters, such as the peak load and the extent of the post-peak deformation. The qualitative appearance of the stress-strain curves is very consistent, thus implying that it represents true material behaviour irrespective of size. In general, however, the overall mechanical behaviour is close enough to the respective one of the ancient material.
The Poisson ' s ratio was determined from transverse vs. axial strain plots like the one shown in Figure 11 . It is clear from this fi gure that the respective curve consists of three distinct portions: The fi rst one is linear, up to an axial strain level equal to about 100 µ strain, and it corresponds to the initial common portion of the axial stress-axial strain curve. The next distinct portion of the curve is non-linear, and concave downwards, up to a strain level equal to about 400 µ strain, which corresponds more or less to the peak-load strain. From this point on and up to the fi nal failure the curve becomes linear again following the almost linear post peak portion of the axial stress-axial strain curve. It is to be emphasised, however, that the results obtained are to be accepted with scepticism, from amorphous blocks, after a special permission of the respective archaeological authorities. It can be seen that after a more or less linearly increasing portion the diagrams exhibit an abrupt drop. Then the curve rises again, sometimes exceeding the initial peak load. From this point on, the graph follows a smooth path with very small slope before the fi nal destruction of the specimen.
The failure mode of the authentic material can be described as a combination of axial cracks with parallel crushing of weak material layers. The familiar Mohr ' s cone was not detected, indicating that conventional failure theories cannot be applied for this type of materials [6, 7] . The fi rst visible cracks appear at a strain level equal to about 0.016. However, the fi nal destruction of the specimens (depending on the lubrication conditions) took place at strain levels corresponding to a height reduction of about 5 % .
Detailed investigation has, also, been carried out on new Kenchreae stone, either freshly quarried or drilled from the wider area of the ancient quarries at Kenchreae. Preliminary since the scattering is of the order of 100 % . Anyway, the question to be answered is whether it is permitted to use point-measurements for the determination of Poisson ' s ratio for materials exhibiting visible discrete structure at the considered scale.
Substitution materials
Unfortunately, for reasons beyond the will of the scientifi c committee responsible for the restoration project of the Epidaurean monuments, it has been proved impossible to obtain fresh authentic stone from the wider area of the ancient quarries [9] . Thus, the use of alternatives amongst the commercially available stones became an indispensable demand. Three natural building stones, i.e., the Alfopetra from Crete, the porous stone from Cyprus and the porous stone from Zakynthos are considered as possible substitutes, with the last one being the most likely due to its better resistance to chemical weathering. Macroscopically all three of them appear to be of much more compact structure compared to that of the Kenchreae stone, as it can be concluded, also, from the values of their apparent specifi c weight, listed in Table 2 , together with a series of other physical properties.
Unfortunately, the differences between the materials are not limited to the physical range. As it can be seen from Figure 12 , where the axial stress vs. the axial strain (up to the peak load) is plotted for all three potential substitute stones, their strength and stiffness differ signifi cantly from those of the authentic material.
The same conclusions are drawn from Table 3 in which the mechanical properties of the authentic material and the possible substitute ones are listed. The same is true for the post-peak portion of the stress-strain curve as well as for the failure mode. All three materials failed in a rather brittle manner and the familiar Mohr ' s cone was consistently detected. It appears thus that these materials are relatively incompatible to the authentic one.
Experimental procedure
Cylindrical composite specimens
In order to demonstrate the effect of introducing mechanical incompatibility by partial completion of a damaged ancient architectural member with new material for restoration purposes, it was decided to test two types of composite cylindrical specimens, consisting of equal parts of Kenchreae stone and Alfopetra stone. For the fi rst type the adhesion plane was parallel to the loading direction (Figure 13 ), while for the second one the adhesion plane was perpendicular to the loading direction (Figure 14 ) . The tests were carried out using rotatable platens .
For the fi rst type of specimens the failure started from the weakest, the authentic material, in the form of crushing a material layer, almost perpendicularly to the loading axis, at an overall stress level equal to about 5.5 MPa. Then at a stress level equal to 6.0 MPa axial cracks appeared, again in the authentic material, and fi nally at a stress level equal to 11.2 MPa the failure propagated in the substitute material in the form of surface axial cracks. However, if the ratio of the elasticity moduli of the two materials is properly taken into account (E alfopetra /E ancient ≅ 6.2) then it becomes clear that of cracks within the mass of the authentic material increasing its apparent strength. However, once the fi rst cracks appeared within the mass of the authentic material, they propagated within the mass of the substitute material and its strength was reduced to l ess than a quarter of its true failure stress. In this case the substitution material increased the overall strength of the authentic, however it could not provide protection since it is again the authentic portion of the composite specimen that failed fi rst. Thus, and based also on similar data, previously published [10, 11] , it is concluded that in both cases the incompatibility causes violation of the basic restoration principle concerning the protection of the authentic material.
Prismatic composite specimens
In order to enlighten further the problem of mechanical incompatibility of natural building stones a thorough study followed with very carefully prepared composite specimens. They were made from equal parts of freshly quarried Kenchreae porous stone and a variety of Alfopetra stone, relatively softer compared to the one used in previous paragraphs. The axial stress-axial strain diagrams of the material of the specifi c blocks used are plotted in Figure 15 . The specimens were of cubic shape. Their geometry and dimensions are shown in Figure 16 . The two parts were bonded together with the aid of a specially prepared epoxy resin. The adhesion plane was inclined with respect to the horizontal by θ = 0 ° (normal to the load direction), 15 ° , 30 ° , 45 ° , 60 ° , 75 ° and 90 ° (parallel to the load direction). Three specimens were used for each angle θ . The experiments were carried out without lubricating the bases of the specimens and the (rotatable again) loading platens. This is because the conclusions of the present study are to be directly applied by the experts working for the restoration of ancient monuments where the use of lubricants of any type is meaningless because their effectiveness is eliminated with time. Of course it is known that the infl uence of friction on the results of compression tests is not negligible, especially in the case of geomaterials and natural building stones. However, as long as the purpose of the present study is the comparative study of the experimental results obtained from specimens with various inclinations of the bonding plane, it is reasonable to assume that the infl uence of friction will not mask the phenomena. The friction problem will be discussed analytically in Part II of this paper, where additional experimental data will be presented. the fi rst failure of the authentic material took place at a stress level equal to 3.2 MPa. The fi rst axial cracks appeared at a stress level of 3.5 MPa. The failure of the substitution material took place at about 35.0 MPa. The authentic material failed in a combined mode-crushing of a layer (or layers) almost perpendicular to the loading direction and generation of axial cracks immediately afterwards. The substitution material failed forming the familiar double cone of Mohr. The two materials fail quite independently at their respective peak stresses and failure strain with their own failure mode and the substitute material does not protect the authentic material as it should have done according to the principles of the " Venice Chart " . The two distinct failure modes are clearly shown in Figure 13 . For the second type of specimens the authentic material failed at peak strength of 5.6 MPa, considerably higher than the failure stress of Kenchreae stone. The failure of the substitution material took place at about 7.7 MPa, signifi cantly lower compared to the failure stress of the Alfopetra stone. In the specifi c confi guration (load perpendicular to adhesion plane) the substitution material constrained the generation Figure 14 Cylindrical composite specimen subjected to compression made from two equal halves with horizontal joining plane. Figure 13 Cylindrical composite specimens subjected to compression (with rotatable loading platens) made from two equal halves with vertical joining plane. The tests were carried out with the aid of a very stiff hydraulic Amsler loading frame of load capacity 1000 kN. Taking into account that the maximum load recorded in the present series of experiments did not exceed in any case 100 kN, it is concluded that the stiffness of the frame can be considered infi nite. This is very important in case conclusions are to be drawn concerning the post-peak behaviour of the material. The load was applied statically at a rate of about 0.03 mm/min.
A B
A system of three LVDTs of sensitivity 5 × 10 -6 m, at 120 ° to each other (in order to check the symmetry of the loading) was used for the measurement of the axial displacements and the determination of the rotation of the loading platens. In addition, the components of the strain fi eld developed in the immediate vicinity of the adhesion plane were, also, recorded using a pair of triple strain gauge rosettes suitably positioned, as it is shown in Figure 16 .
During the tests the load, the axial displacements from the LVDTs and the strain components from the strain gauges were recorded. Successive photographs taken during the experimental process ensured that one could detect the exact moment of appearance of surface cracks, exfoliations or other failure phenomena in order to decide on which of the two materials failed fi rst. Typical composite specimens are shown in Figure 17 , after they have been tested. Various failure types starting either from the authentic or the substitute material can be clearly seen.
Characteristic plots concerning the overall macroscopic behaviour of the axial stress-axial strain curves of the composite specimens are shown in Figure 18 for the whole range of the inclinations of the adhesion plane. It is clearly concluded from these fi gures that for low values of the inclination of the interface ( θ < 30 ° ) the behaviour of the composite specimen is dictated by the original material ( Figure 18A ). Indeed, both the elastic regime and the post-peak portion of the graphs are almost identical with the respective ones of the Kenchreae stone. However, it should be emphasised, that besides the striking similarity the maximum stress reached in the case of proved from the present series of tests that the protection of the original material by the new one depends, among others, on the inclination of the adhesion plane, in other words on the geometry of the specimen. For small inclination angles ( θ < 30 ° ) the failure stress of the composite specimens was either equal to that of the original stone or in some experiments even lower. For the specifi c geometries the failure of the composite specimen started systematically from the original material either in the form of axial cracks or in the form of crushing of successive bedding planes. Moreover, for inclination angles between 30 ° and 90 ° the failure stress of the composite specimen was systematically higher compared to that of the original material. It is mentioned characteristically that in some cases the failure stress of the composite material even exceeded that of the new material. For these confi gurations the failure started from the substitute material (usually in the vicinity of the adhesion plane) in the form of a number of cracks oriented along the direction of the external load. On the basis of the above observations and considering also the study of composite specimens with unequal portions of original and new material (to be discussed in Part II), it can be concluded that it is possible to affect the compatibility of various types of natural building stones (which appear to be more or less incompatible from the mechanical point of view) by a simple modifi cation of the geometry of the confi guration.
As a next step the variation of some critical " overall " (average) mechanical properties of the composite specimen was explored. For this purpose the modulus of elasticity, E, is plotted vs. the inclination of the interface in Figure 19 A. It should be emphasised at this point that in the discussion following the term modulus of elasticity designates the slope of the stress-strain curve of the composite specimen. In this context the stress is calculated as the ratio of the externally applied load over the total cross sectional area of the specimen while the strain is obtained as the change of length of the specimen as it is measured from loading platen to loading platen and reduced overall the total length of the composite specimen. the composite specimens is slightly lower compared to that of the original Kenchreae stone specimens. On the contrary for θ -values exceeding 75 ° the form of the graphs is clearly dictated by the new material (Alfopetra stone) ( Figure 18C ). Again and besides the similarity of the graphs the maximum stress reached is lower in the case of the composite specimens compared to that of the Alfopetra stone specimens. Finally, for the intermediate interval of θ -values (30 ° ≤ θ < 75 ° ) the graphs gradually depart from that of the Kenchreae stone and approach that of the Alfopetra stone ( Figure 18B,C) . Concerning now the question of the mechanical compatibility of the two materials the answer is not unique. It was As it can be seen from Figure 19A the modulus of elasticity varies according to an almost sinusoidal law. Its value for θ = 0 ° is equal to that of the authentic stone while for θ = 90 ° it approaches the modulus of elasticity of the Alfopetra stone, although it appears to be slightly higher. The most astonishing observation, however, is the fact that the variation of the modulus of elasticity of the composite specimen is non-monotonous. A clear minimum corresponds to θ ≈ 15 ° with a value equal to about 1.5 GPa which is slightly lower even compared to the respective value of the original stone. On the contrary, for the complementary inclination angle, θ = 75 ° , a clear maximum of about 3.5 GPa is observed, 
Figure 18
The axial stress-axial strain curves for the prismatic composite specimens for the whole range of tested inclinations of the adhesion plane. 
Figure 19
The variation of (A) the modulus of elasticity, (B) the peak stress and (C) the slope of the elastic strain energy density vs. the strain level as a function of the inclination of the interface of the composite specimen.
which is almost two times higher from the respective value of the original stone. The behaviour of the peak stress, i.e., the stress level corresponding to the abrupt stress drop observed at the end of the linear portion of the stress-strain curve, is of similar nature. However, it is to be noted that for θ = 0 ° the peak stress of the composite specimen reaches a value equal to about 6.7 MPa, exceeding signifi cantly that of the original stone which is < 4.5 MPa. Again for θ ≈ 15 ° a clear minimum is observed equal to about 4 MPa, a value slightly lower from that of the Kenchreae stone. The maximum value corresponds to θ ≈ 60 ° and its value is almost three times higher from the respective value of the original stone.
The last quantity studied is the slope of the strain energy density plotted vs. the strain level. This quantity is studied because it has been concluded from a recent series of experiments with specimens made from various geomaterials that all conventional mechanical constants depend more or less on the size of the specimen [12 -14] . Thus, their use becomes rather ineffi cient both for practical applications as well as for purely scientifi c analysis. However, it is to be accepted that the working load of such materials in practice is restricted to only a portion of the σ -ε graph, well below the peak stress. It appears thus reasonable that this portion of the axial stress-axial strain curve must be studied in a more detailed manner. To this end, the variation of the accumulated strain energy density vs. the axial strain for the working-load portion of the axial stress-axial strain curve was studied and it appeared that its slope is almost insensitive to the changes of the size of the specimens. Following the above discussion the dependence of the slope of the strain energy density on the interface inclination is plotted in Figure 19C and it can be seen that its behaviour is qualitatively similar to that of the modulus of elasticity and the peak stress. Indeed a clear minimum is observed for an inclination angle between 15 ° and 30 ° while a maximum appears for an angle θ equal to about 45 ° .
As a fi nal step the variation of the strain fi eld in the immediate vicinity of the interface of the original and the substitute stones is plotted in Figure 20 vs. the applied stress, for two typical specimens with θ = 15 ° and θ = 60 ° . It is seen that both the axial and the transverse strains appear to be incompatible to each other, and a strong strain discontinuity is observed in the vicinity of the interface. For the particular case with θ = 15 ° the ratio of the axial strain in the new stone over the respective strain in the original stone is equal to about 5.6 while for the transverse strains the respective ratio is equal to about 2. It is clear that such a discontinuity could be responsible for local failures in the vicinity of the adhesion plane due to the mismatch of the strain fi eld components. Therefore, it can be concluded that the role of the adhesive material is paramount for the gradual transition from the intense strain fi eld developed in the new material to the weak strain fi eld in the original one. However, with increasing inclination angle the strain discontinuity tends to be eliminated, as it can be seen, for example, for the angle θ = 60 ° ( Figure 20B ). It is seen from this fi gure that the strain mismatch is drastically reduced and the ratio of the strains developed in the original and the new stone does not exceed 1.5 for both the axial and the transverse strains. Once again it is concluded that angle θ drastically affects all the aspects of the mechanical compatibility between the original and new stone.
Conclusions
The problem of combining mechanically incompatible stone materials in a single specimen subjected to unconfi ned compression was investigated in the present work. Composite specimens consisting of equidimensional parts of two different stones were used. The parameter studied in particular was the inclination of the connecting interface, which varied from 0 ° to 90 ° . Although the two stones judged on the basis of their independent mechanical properties are incompatible, it seems that for a range of inclinations from 30 ° to 90 ° there is satisfactory cooperation between the two materials, thus yielding an overall " apparent " behaviour representing an intermediate state between the two.
For inclinations equal to 0 ° and 90 ° the resulting behaviour approaches that of the weakest and the strongest material, respectively. The inclinations of 15 ° -75 ° , however, appear to produce an absolute minimum and an absolute maximum of strength compared to the strength of the two stones.
In sum the variation of the " overall " (average) mechanical properties of the composite specimens appears to depend on the slope of the connecting interface according to a nonmonotonous law. The absolute values of the mechanical properties studied, however, varied between relatively broad limits exceeding in some cases those of both constituent materials.
The key to understanding the observed behaviour are the strong discontinuities of the strain fi eld components (both axial and transverse) recorded close to the interface, since they are responsible for the cracking initiation in either of the two materials. The combination of the two strain components with the direction of loading (i.e., the interface inclination) controls the way cracking will start and develop. The use of composite specimens could be a powerful means for studying the effect of different types of interface on better protecting the weaker of the two materials depending on the inclination of the sloping interface. In addition, certain geometrical confi gurations of the boundaries of the specimens can modify the mechanical behaviour of building stones, making them as compatible as possible with the authentic material. This approach is based on experimental observations and numerical analyses according to which the behaviour of a cylindrical stone specimen under unconfi ned compressive loading is crucially affected in the post-peak region by the geometrical confi guration of its contact -as well as its free -boundaries. The latter will be studied in Part II of this work.
